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Abstract
Various types of cell death, including apoptosis, necrosis, necroptosis, and ferroptosis, are induced in renal tubular epithelial
cells following exposure to environmental stresses and toxicants such as osmotic stress, ischemia/reperfusion injury,
cisplatin, and cadmium. This is known to cause renal dysfunction, but the cellular events preceding stress-induced cell death
in renal tubules are not fully elucidated. The activin receptor-like kinase (ALK) 4/5, also known as activin-transforming
growth factor (TGF) β receptor, is involved in stress-induced renal injury. We, therefore, studied the role of ALK4/
5 signaling in HK-2 human proximal tubular epithelial cell death induced by cisplatin, cadmium, hyperosmotic stress
inducer, sorbitol, and the ferroptosis activator, erastin. We found that ALK4/5 signaling is involved in cadmium- and erastin-
induced cell death, but not sorbitol- or cisplatin-induced apoptotic cell death. Cadmium exposure elevated the level of
phosphorylated Smad3, and treatment with the ALK4/5 kinase inhibitors, SB431542 or SB505124, suppressed cadmium-
induced HK-2 cell death. Cadmium-induced cell death was attenuated by siRNA-mediated ALK4 or Smad3 silencing, or by
treatment with SIS3, a selective inhibitor of TGFβ1-dependent Smad3 phosphorylation. Furthermore, ALK4/5 signaling
activated Akt signaling to promote cadmium-induced HK-2 cell death. In contrast, siRNA-mediated Inhibin-bA silencing or
treatment with TGFβ1 or activin A had little effect on cadmium-induced HK-2 cell death. On the other hand, treatment with
SB431542 or SB505124 attenuated erastin-induced ferroptosis by hyperactivating Nrf2 signaling in HK-2 cells. These
results suggest that blockade of ALK4/5 signaling protects against cadmium- and erastin-induced HK-2 cell death via Akt
and Nrf2 signaling pathways, respectively.

Introduction

Renal tubular cell death caused by environmental stresses or
nephrotoxic agents has a critical role in nephropathy, and is
therefore an important therapeutic target. Various types of
cell death including apoptosis, necrosis, necroptosis, and

ferroptosis, are reported to be involved in renal tubular cell
death caused by nephrotoxic stresses or toxicants. For
instance, sorbitol, which is a cause of diabetic nephropathy
[1], induces apoptosis [2], whereas unusual exposure to
cisplatin, an antitumor drug, or cadmium, an environmental
pollutant metal, induces apoptosis, necrosis, or necroptosis
in renal tubular cells [3–6]. In addition, ferroptosis and
necroptosis are observed in renal tubular cells injured by
ischemia/reperfusion [7, 8].

Apoptosis, the first identified mechanism of programmed
cell death, is executed in a caspase-dependent or -independent
manner involving chromatin condensation and karyorrhexis
[9, 10]. In contrast, necrosis is originally recognized as
unregulated cell death-exhibiting rupture of plasma membrane
and leakage of cellular contents [9, 10], but recent reports
have shown the existence of programmed necrotic cell death
including necroptosis and ferroptosis [11, 12]. Necroptosis is
a death receptor-triggered form of necrotic cell death, exe-
cuted through insertion of oligomerized mixed lineage kinase
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domain-like protein into the plasma membrane [11]. Ferrop-
tosis is another programmed necrotic cell death involving
iron-dependent lipid peroxidation, and oxidative stress is
believed to be a principal cause of ferroptosis [12]. However,
the signaling pathways responsible for these distinct types of
cell death in renal tubular cells have not yet been fully
clarified.

Activin and transforming growth factor (TGF) β signal-
ing are involved in cell proliferation, differentiation,
migration, and cell death [13–15]. Activin and TGFβ
mediate their signaling via a specific complex of type I/type
II receptor serine/threonine kinases. Activin receptor-like
kinase (ALK) 4 and ALK7 are type I receptors for activins,
and ALK5 is a type I receptor for TGFβ. Once ligands bind
to type II receptors, type I receptors are recruited to the
ligand/type II receptor complex, leading to the phosphor-
ylation and activation of type I receptors by type II kinases.
In the canonical pathway, activated type I receptors phos-
phorylate the transcription factors Smad2/3, leading to the
activation of Smad2/3 for the regulation of their target
genes. The non-canonical pathway is Smad2/3-independent
and may engage other signaling cascades such as Akt,
extracellular signal-regulated kinase (ERK), p38, or c-Jun
N-terminal kinase (JNK). In the context of renal pathology,
activation or inactivation of ALK4/5 signaling has been
reported to result in subsequent cellular damage [16–20].

To demonstrate the possible involvement of ALK4/
5 signaling in renal tubular cell death associated with renal
disease, we analyzed death of HK-2 human proximal tub-
ular epithelial cells induced by the hyperosmotic stress
inducer sorbitol, cisplatin, cadmium, and the ferroptosis
activator erastin. We showed that ALK4/5 signaling has
little effect on sorbitol- and cisplatin-induced apoptotic
HK-2 cell death. In contrast, cadmium exposure activated
ALK4/5 signaling in a ligand-independent manner and
promoted apoptotic and necrotic cell death via Smad3 and
Akt signaling in HK-2 cells. On the other hand, pharma-
cological inhibition of ALK4/5 signaling attenuated erastin-
induced ferroptosis by hyperactivating Nrf2 signaling in
HK-2 cells. These results indicated that ALK4/5 signaling is
an important regulator of renal tubular cell death.

Materials and methods

Chemicals

Cadmium chloride (CdCl2) was obtained from Wako
Pure Chemical Industries, Ltd. (Osaka, Japan). Cisplatin
and sorbitol were obtained from Wako (Osaka, Japan).
U0126 was obtained from Calbiochem, Merck KGaA
(Darmstadt, Germany). Cyclosporin A, deferoxamine, era-
stin, ferrostatin-1, necrostatin-1, SB431542, SB505124,

SIS3, and Trolox were obtained from Cayman Chemical
Company (Ann Arbor, MI, USA). Necrox-2 and Necrox-5
methanesulfonate were obtained from Santa Cruz Bio-
technology, Inc. (Santa Cruz, CA, USA). MK2206 was
obtained from Active Biochem (Maplewood, NJ, USA).
Necrostatin-1 inactive control and 1,5-dihydroxyisoquino-
line were obtained from abcam plc (Cambridge, England).
7-Cl-O-Nec-1 was obtained from Focus Biomolecules
(Plymouth Meeting, PA, USA). Z-VAD-FMK and RSL3
were obtained from AdooQ Bioscience (Irvine, CA, USA).
TGF-β1 was obtained from Sigma-Aldrich (St. Louis, MO).
Z-LEHD-FMK, Activin A, Human/Mouse/Rat Recombi-
nant and Human/Mouse/Rat Activin A Quantikine ELISA
Kit were obtained from R&D system (Minneapolis, MN,
USA). Antibodies against phospho-Histone H2A.X,
Caspase-3, Caspase-8 (1C12), Caspase-9, PARP, LC3B
(D11) XP®, phospho-Smad2 (Ser465/467), Smad2 (D43B4)
XP®, phospho-Smad3 (Ser423/425), Smad3 (C67H9),
phospho-Smad1/5 (Ser463/465) (41D10), Smad1 (D59D7)
XP®, Smad5, phospho-Akt (Thr308) (C31E5E), Akt (pan)
(C67E7), NRF2 (D1Z9C) XP®, phospho-p44/42 MAPK
(ERK1/2) (Thr202/Tyr204), p44/42 MAPK (ERK1/2),
phospho-p38 MAPK (Thr180/Tyr182), p38 MAPK, phos-
pho-SAPK/JNK (Thr183/Tyr185), SAPK/JNK, phospho-
FoxO1 (Tr24)/FoxO3a (Thr32), FOXO3a (75D8), BID,
and Noxa (D8L7U) were obtained from Cell Signaling
Technology, Inc. (Beverly, MA, USA). Inhibin-bA (E-1),
BNIP3 (ANa40), Keap1 (G-2), actin (I-19), and lamin A/C
(14/Lamin AC) antibodies were obtained from Santa Cruz
Biotechnology. HO-1 antibody was obtained from Enzo life
sciences, Inc. (Farmingdale, NY, USA). The siRNAs tar-
geted against the human ALK4 (siRNA-1: Hs_ALK4_5
FlexiTube siRNA, SI00288127, siRNA-2: Hs_ALK4_6
FlexiTube siRNA, SI02622046), FOXO3a (Hs_FOXO3a_3
FlexiTube siRNA, SI04916366), INHBA (siRNA-1:
Hs_INHBA_2 FlexiTube siRNA, SI00033950, siRNA-2:
Hs_INHBA_4 FlexiTube siRNA, SI00033964), KEAP1
(Hs_KEAP1_5 FlexiTube siRNA, SI03246439), NFE2L2
(Hs_NFE2L2_7 FlexiTube siRNA, SI03246950), SMAD2
(Hs_SMAD2_6 FlexiTube siRNA, SI02757496), SMAD3
(siRNA-1: Hs_SMAD3_3 FlexiTube siRNA, SI00082495,
siRNA-2: Hs_SMAD3_4 FlexiTube siRNA, SI00082502),
and non-target siRNA (AllStars Negative Control siRNA)
were purchased from Qiagen (Hilden, Germany).

Cell culture and treatments

HK-2 cells were obtained from the American Type Culture
Collection (Manassas, VA, USA) and grown in Dulbecco’s
modified Eagle’s medium/Nutrient Mixture F-12 supple-
mented with 10% heat-inactivated fetal bovine serum,
100 U/ml penicillin, and 100 µg/ml streptomycin (GIBCO,
Invitrogen Corp., Carlsbad, CA, USA) in a humidified

2372 K. Fujiki et al.



atmosphere of 5% CO2 and 95% air at 37 °C. Exponentially
growing HK-2 cells were seeded at 1.9 to 4 × 105 cells/well
in six-well culture plates and cultured for 1 day before each
experiment. CdCl2 was dissolved in water and sterilized by
filtration. Sorbitol was dissolved in serum-free medium and
sterilized by filtration. Erastin and RSL3 were dissolved in
sterilized dimethyl sulfoxide (DMSO). Cisplatin was dis-
solved in sterilized N,N-dimethylformamide (DMF). Cells
were incubated in serum-free medium containing the
appropriate concentration of CdCl2, sorbitol, cisplatin, era-
stin, or RSL3 for 1–36 h at 37 °C. SB431542, SB505124,
SIS3, U0126, MK2206, cyclosporine A (CsA), desferriox-
amine (DFO), Ferrostatin-1, Necrostatin-1, Necrostatin-1
inactive control, 7-Cl-O-Nec-1, Trolox, Necrox-2, Necrox-
5, 1,5-dihydroxyisoquinoline (DiQ), Z-LEHD-FMK, and
Z-VAD-FMK were dissolved in DMSO or DMF.
After incubating cells in serum-free medium with DMSO,
DMF (0.1 or 0.2%) or one of the inhibitors for 1 h, HK-2
cells were treated with 25 µM CdCl2, 500 mM sorbitol,
10 μg/ml cisplatin, 5 µM erastin, or 3 µM RSL3 for the
indicated time.

Preparation of whole-cell lysates

After incubation, cells were washed with phosphate-
buffered saline and lysed with sodium dodecyl sulfate-
polyacrylamide gel Laemmli sample buffer. Cell lysates
were collected, sonicated, and boiled for 5 min. Protein
concentrations were determined using the RC DC Protein
Assay (Bio-Rad Laboratories, Inc., Hercules, CA, USA).

Western blotting

Equal amounts of protein (20 μg) were subjected to sodium
dodecyl sulfate–10% polyacrylamide gel electrophoresis and
transferred onto a nitrocellulose membrane (Hybond-ECL,
Amersham Pharmacia Biotech, Buckinghamshire, England).
The membrane was blocked with 5% non-fat milk in Tris-
buffered saline containing 0.1% Tween 20 for 1 h at room
temperature. The membrane was then incubated overnight at
4 °C with the primary antibody, and protein was detected with
a Phototope-HRP Western blot detection kit (Cell Signaling
Technology, Inc.).

Gene knockdown of ALK4, FOXO3a, INHBA, KEAP1,
NFE2L2, SMAD2, or SMAD3 by siRNA

Transfection of siRNA against human ALK4, FOXO3a,
INHBA, KEAP1, NFE2L2, SMAD2, SMAD3, and non-
target siRNA into HK-2 cells was carried out using Lipo-
fectamine RNAiMAX (Invitrogen Corp.) according to the
manufacturer’s instructions with some adjustments. The
siRNAs were dissolved in nuclease-free water and diluted to

0.1 or 0.2 µM with 250 µl Opti-MEM (Invitrogen Corp.).
Five microliters of Lipofectamine RNAiMAX was also
diluted 50-fold with Opti-MEM. Equal volumes of these
two solutions were mixed (500 µl total) and immediately
added to 2 ml culture medium at the time of cell plating.
After incubation for 24 h, cells were washed with medium
and used for experiments.

Cadmium concentrations

The acid-digested samples were diluted with deionized
water and measurements of cadmium concentrations were
outsourced to IDEA Consultants, Inc. (Tokyo, Japan).

Measurement of activin A

Cell culture supernatants were collected after treatment with
CdCl2. The concentration of activin A in the media was
quantified by enzyme-linked immunosorbent assay (ELISA)
(R&D systems, Minneapolis, MN) following the manu-
facturer’s instructions

Glutathione assay

The relative glutathione concentration in cell lysates was
assessed using GSSG/GSH Quantification Kit (Dojindo,
Kumamoto, Japan) according to the manufacturer’s
instructions. The glutathione concentration was normalized
to the protein amount of cell lysates.

RNA isolation and reverse transcription-PCR

Total RNA was isolated with RNeasy (Qiagen), and first-
strand cDNA was synthesized using the ReverTra Ace
qPCR RT kit (TOYOBO, Osaka, Japan). Quantitative
reverse transcription-PCR analysis was performed using the
THUNDERBIRD® SYBR® qPCR Mix (TOYOBO) in Ste-
pOneTM Real-Time PCR system (Life Technologies Japan
Ltd., Tokyo, Japan). The expression level was normalized
to that of β-actin. PCR primers are listed in Supplemental
Table S1.

AV and PI staining

Culture medium containing floating cells were aspirated and
reserved. After trypsinization, cells were suspended in
Dulbecco’s modified Eagle’s medium/Nutrient Mixture F-
12 medium, and the culture medium was returned. The
numbers of live, necrotic, and apoptotic cells were deter-
mined by the Tali® Image-Based Cytometer using a Tali®

Apoptosis Kit-AV Alexa Fluor® 488 and Propidium Iodide
(Life Technology Corp., Carlsbad, CA, USA) according to
the manufacturer’s instructions.
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Trypan blue exclusion assay

Culture medium was aspirated and reserved. After trypsi-
nization, cells were suspended in Dulbecco’s modified
Eagle’s medium/Nutrient Mixture F-12 medium, and the
culture medium was returned. The mixture was centrifuged
to pellet the cells. Cellular suspension and 0.4% trypan blue
in Hank’s Balanced Salt Solution were mixed, and the
number of viable cells was counted using a TC10TM

Automated Cell Counter (Bio-Rad laboratories, Inc.).

Statistical analysis

Results are expressed as the mean ± SD. Statistical significance
was determined by Student’s t test or Welch’s t test. A value of
P < 0.05 was considered to be statistically significant.

Results

Characterization of HK-2 cell death induced by
sorbitol, cisplatin, cadmium, and erastin

First, we characterized the types of HK-2 cell death
induced by treatment with sorbitol, cisplatin, cadmium, and
erastin. We used Annexin-V (AV)/propidium iodide (PI)
staining and immunoblotting of cleaved-poly ADP-ribose
polymerase-1 (PARP), cleaved-caspase-3, and the DNA
damage marker histone H2A.X protein, phosphorylated at
Ser139. In addition, the following substances known to
modify cell death were used to evaluate the preferred types
of HK-2 cell death: Z-VAD-FMK, a caspase inhibitor, CsA,
a cyclophilin D-dependent mitochondrial permeability
transition-triggered necrosis inhibitor [21, 22], Necrox-2
and Necrox-5, oxidative stress-induced necrosis inhibitors
[23], necrostatin-1 (Nec-1), a necroptosis inhibitor [11],
Trolox, an anti-oxidant; ferrostatin-1 (Fer-1) and DFO, the
ferroptosis inhibitors.

Cell death induced by sorbitol and cisplatin

In HK-2 cells exposed to sorbitol and cisplatin, AV+ /PI−
cell number increased initially, and subsequently AV+ /PI
+ cell number increased (Supplemental Figs. 1A, 2A).
Consistently, accumulation of cleaved-PARP, cleaved-cas-
pase-3, and phosphorylated H2A.X proteins (Supplemental
Figs. 1B, 2B) and reduction of cell death by treatment with
Z-VAD-FMK but not other substances, including CsA,
Necrox-2, Necrox-5 (Supplemental Figs. 1C, 2C), Trolox,
or Fer-1 (Supplemental Figs. 1D, 2D) were observed. These
results suggest that treatment with sorbitol and cisplatin
induces caspase-dependent apoptosis in HK-2 cells.

Cell death induced by cadmium

Following exposure to cadmium chloride (CdCl2), AV
+ /PI− cells increased, and then both AV+ /PI+ cells and
AV−/PI+ cells increased (Fig. 1a). The expression of
cleaved-PARP, cleaved-caspase-3, and phosphorylated
H2A.X proteins increased in a CdCl2 exposure time-
dependent manner (Fig. 1b). Treatment with Z-VAD-
FMK markedly suppressed CdCl2-induced cell death
(Fig. 1c), but the caspase-independent apoptosis inhibitor
DiQ failed to suppress cell death (Fig. 1d). In addition,
treatment with CsA (Fig. 1c), Trolox, Fer-1, or DFO
(Fig. 1e) showed a mild protective effect against CdCl2-
induced cell death. Treatment with DFO, an iron chelator,
did not affect the amount of cadmium absorbed into the
cells (Fig. 1f). However, treatment with Necrox-2, Necrox-5
(Fig. 1c), Nec-1, or 7-Cl-O-Nec-1 (O-Nec-1), an active
form of Nec-1 (Fig. 1g), did not reduce cell death indu-
ced by CdCl2 exposure. These results suggest that
cadmium-induced HK-2 cell death appears to be a combi-
nation of caspase-dependent apoptosis and necrosis, rather
than apoptosis only.

Cell death induced by erastin

Although erastin, a system Xc- (cysteine/glutamate anti-
porter) inhibitor, and RSL3, a glutathione peroxidase (Gpx)
4 inhibitor, are identified as ferroptosis activators [12, 24],
erastin exposure and Gpx4 depletion also induce other types
of death in different cell types [25–29]. In HK-2 cells
exposed to erastin, AV+ /PI+ and AV−/PI+ cell popu-
lation increased, but AV+ /PI− cell population did not
clearly change (Fig. 2a). Whereas the expression of phos-
phorylated H2A.X increased, the levels of cleaved-PARP
and cleaved-caspase-3 remained unchanged (Fig. 2b).
Treatment with CsA, Necrox-2, or Necrox-5 attenuated
erastin-induced cell death (Fig. 2c). In addition, treatment
with Trolox, Fer-1, DFO (Fig. 2d), or the MEK inhibitor
U0126, which disrupts ERK signaling (Fig. 2e) suppressed
erastin-induced cell death, which was compatible with the
characteristics of ferroptosis [10]. In contrast, the inhibitory
effect of Z-VAD-FMK treatment on erastin-induced cell
death was less marked (Fig. 2c). These results indicate that
erastin exposure mainly induces ferroptosis in HK-2 cells.
In contrast, characteristics of ferroptosis and apoptosis were
observed in RSL3-induced HK-2 cell death (Supplemental
Fig. 3). Finally, we also confirmed that erastin exposure
induced more rapid and marked reduction of glutathione
levels than CdCl2 exposure (Fig. 2f, g), which was con-
sistent with a previous report [12]. Thus, we decided to use
erastin as a ferroptosis inducer for subsequent experiments
in HK-2 cells.
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Role of ALK4/5 signaling in HK-2 cell death induced
by sorbitol, cisplatin, cadmium, and erastin

Non-involvement of ALK4/5 signaling in cell death induced
by sorbitol and cisplatin

Treatment with TGFβ1 and activin A induced marked
phosphorylation of Smad2 at Ser465/467 and Smad3 at

Ser423/425 in HK-2 cells, indicating activation of ALK4/
5 signaling (Supplemental Fig. 4). However, treatment with
sorbitol and cisplatin did not clearly induce phosphorylation
of Smad2 and Smad3 (Supplemental Figs. 5A, 6A). Con-
sistently, treatment with the ALK4/5 inhibitors, SB431542
or SB505124, failed to reduce the sorbitol- or cisplatin-
induced expression of apoptosis markers and HK-2 cell
death (Supplemental Figs. 5B–E, 6B–D).

Fig. 1 Characterization of HK-2 cell death induced by cadmium.
a, b Cells were incubated with 25 μM CdCl2 (Cd) for the indicated
time. Percentage of propidium iodide (PI) or Annexin-V (AV) positive
cells were determined by Annexin-V and PI staining. Results are
representative of at least three independent experiments a. Cell lysates
were subjected to western blotting using the indicated antibodies.
Immunoblots shown are representative of at least three independent
experiments b. c–e, g Cells were incubated with 0.1% DMSO, 0.1%
DMF, 50 μM Z-VAD-FMK, 2.5 μM CsA, 0.3 μM Necrox-2, 0.1 μM
Necrox-5 c, 100 μM DiQ (d, 50 μM Trolox, 2 μM Fer-1, 100 μM DFO
e, 20 μM necrostatin-1 (Nec-1), 20 μM 7-Cl-O-Nec-1 (O-Nec-1), or

20 μM necrostatin-1i (Nec-1i) g for 1 h and then incubated with or
without 25 μM CdCl2 (Cd) for 30 h. The viability of cells was deter-
mined by trypan blue exclusion assay. Each value is the percentage of
trypan blue-positive cells and reflects the mean ± SD of at least three
experiments with duplicate assays in each experiment. f Cells were
incubated with or without 100 μM DFO for 1 h and then incubated with
or without 10 μM CdCl2 (Cd) for 12 h. Concentration of cadmium per
1.0 × 105 cells was measured and reflects the mean ± SD of three
experiments. *P < 0.05, **P < 0.01, significant difference between the
samples
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Involvement of ALK4/5 signaling in cell death induced by
cadmium and erastin

Exposure of HK-2 cells to CdCl2 increased the levels of
phosphorylated Smad3 and, to a lesser extent, that of
phosphorylated Smad2 (Fig. 3a), suggesting that ligand-
induced phosphorylation of Smad2/3 is unlikely in this
context. Furthermore, treatment with SB431542 or
SB505124 attenuated the cadmium-induced elevation of

phosphorylated Smad3, cleaved-PARP, cleaved-caspase-3,
and phosphorylated H2A.X levels (Fig. 3b), and cell death
without affecting the intracellular concentration of cadmium
(Fig. 3c–e). Although treatment with erastin induced a
transient phosphorylation of Smad3 (at 15 h exposure)
(Fig. 4a), SB431542 or SB505124 also significantly sup-
pressed erastin-induced HK-2 cells death (Fig. 4b, c). These
results suggest that the ALK4/5 signaling is involved in
HK-2 cell death induced by cadmium and erastin.

Fig. 2 Characterization of HK-2 cell death induced by erastin.
a, b Cells were incubated with 5 μM erastin for the indicated time.
Percentage of propidium iodide (PI) or Annexin-V (AV)-positive cells
were determined by Annexin-V and PI staining. Results are repre-
sentative of at least three independent experiments a. Cell lysates were
subjected to western blotting using the indicated antibodies. Immu-
noblots shown are representative of at least three independent
experiments b. c–e Cells were incubated with 0.1% DMSO, 0.1%
DMF, 50 μM Z-VAD-FMK, 2.5 μM CsA, 0.3 μM Necrox-2, 0.1 μM
Necrox-5 c, 50 μM Trolox, 2 μM Fer-1, 100 μM DFO d, or 20 μM U0126

e for 1 h and then incubated with or without 5 μM erastin for 24 h. The
viability of cells was determined by trypan blue exclusion assay. Each
value is the percentage of trypan blue-positive cells and reflects the
mean ± SD of at least three experiments with duplicate assays in each
experiment. f, g Cells were incubated with 5 μM erastin f or 25 μM
CdCl2 (Cd) g for the indicated time, respectively. Glutathione con-
centration was measured, and each value reflects the mean ± SD of
three experiments with duplicate assays in each experiment. *P < 0.05,
**P < 0.01, significant difference between the samples
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Role of Smad3 in ALK4/5-mediated HK-2 cell death
induced by cadmium

Knockdown of ALK4 or Smad3 with siRNAs attenuated the
expression of phosphorylated Smad3 in HK-2 cells exposed
to CdCl2 (Fig. 5a–c), and suppressed cadmium-induced

cell death (Fig. 5d, e). Treatment with SIS3, a selective
inhibitor of TGFβ1-dependent Smad3 phosphorylation, also
suppressed cadmium-induced HK-2 cell death (Fig. 5f). In
contrast, silencing of Smad2 with siRNA did not protect cells
from cadmium toxicity (Supplemental Fig. 7A, B). TGFβ1
and TGFβ2 mRNA levels decreased following exposure of

Fig. 3 Role of ALK4/5 signaling in HK-2 cell death induced by
cadmium. a Cells were incubated with 25 μM CdCl2 (Cd) for the
indicated time. Cell lysates were subjected to western blotting using
the indicated antibodies. Immunoblots shown are representative of at
least three independent experiments. b–d Cells were incubated with
0.1% DMSO, 10 μM SB431542, or 10 μM SB505124 for 1 h and then
incubated with or without 25 μM CdCl2 (Cd) for 15 h b or 30 h
c, d. Cell lysates were subjected to western blotting using the indicated
antibodies. Immunoblots shown are representative of at least three
independent experiments b. The viability of cells was determined by
trypan blue exclusion assay. Each value is the percentage of trypan

blue-positive cells and reflects the mean ± SD of at least three
experiments with duplicate assays in each experiment c. Percentage of
propidium iodide (PI) or Annexin-V (AV)-positive cells were deter-
mined by Annexin-V and PI staining. Results are representative of at
least three independent experiments d. e Cells were incubated with
0.1% DMSO, 10 μM SB431542, or 10 μM SB505124 for 1 h and then
incubated with or without 10 μM CdCl2 (Cd) for 12 h. Concentration of
cadmium per 1.0 × 105 cells was measured and reflects the mean ± SD
of three experiments. **P < 0.01, significant difference between the
samples
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HK-2 cells to CdCl2 (Supplemental Fig. 7C, D). In contrast,
mRNA and protein expression of Inhibin-bA, a monomer of
activin A [30], increased in HK-2 cells exposed to CdCl2
(Fig. 5g, h), whereas the secretion of activin A into the culture
medium was reduced (Fig. 5i). In addition, knockdown of
Inhibin-bA with siRNAs failed to attenuate CdCl2-induced
Smad3 phosphorylation (Fig. 5j) and HK-2 cell death
(Fig. 5k). Furthermore, treatment with activin A or TGFβ1
did not increase CdCl2-induced cell death (Supplemental

Fig. 7E, F). Taken together, these results suggest that ALK4/
5/Smad3 signaling is involved in cadmium-induced HK-2 cell
death independent of their ligands.

Role of Akt and FOXO3a in ALK4/5-mediated HK-2
cell death induced by cadmium

In addition to the Smad pathway, ALK4/5 can transmit
their signals to non-canonical pathways such as Akt, p38,
ERK1/2, and JNK [13–15]. Phosphorylation of Akt at
Thr308, p38 at Thr180/Tyr182, ERK1/2 at Thr202/Tyr204,
and JNK at Thr183/Tyr185, which lead to activation of
their respective signaling cascades, were attenuated by
SB431542 or SB505124 treatment in HK-2 cells exposed
to CdCl2 (Fig. 6a). ALK4 depletion with siRNAs also
partially suppressed CdCl2-induced phosphorylation
of Akt, p38, and ERK but not of JNK in HK-2 cells
(Supplemental Fig. 8A). These results revealed that ALK4/
5 induces the activation of Akt, p38, and ERK signaling in
HK-2 cells exposed to CdCl2.

We have previously found that activation of Akt sig-
naling promotes cadmium-induced cellular damage in HK-2
cells [31]. In addition, Akt phosphorylates a transcription
factor forkhead box O (FOXO) 3a at Thr32, which results in
the inactivation of FOXO3a by translocation from the
nucleus [32], in HK-2 cells exposed to CdCl2 [33]. It has
been reported that ALK5 activates Akt signaling and the
resultant translocation of FOXO3a to cytoplasm promotes
oxidative stress-induced cellular damage in rat mesangial
cells treated with high glucose [34]. Consistent with our
findings, treatment with MK2206, an Akt inhibitor, sup-
pressed HK-2 cell death (Fig. 6b, c), and reduced levels of
FOXO3a phosphorylated at Thr32 were observed in HK-2
cells treated with MK2206, SB431542, or SB505124 fol-
lowing exposure to CdCl2 (Fig. 6a). In contrast, we have
reported that FOXO3a phosphorylated at Thr32 remains in
nuclei of HK-2 cells treated with 10 µM CdCl2 [31], which
was also observed in HK-2 cells treated with 25 µM CdCl2
(data not shown). In addition, we observed a synergistic
effect of FOXO3a knockdown and SB431542 treatment on
protection against CdCl2-induced HK-2 cell death without
affecting the intracellular concentration of cadmium
(Fig. 6d, Supplemental Fig. 8B, data not shown). These
results indicate that although ALK4/5-mediated cell death
by cadmium exposure depends on Akt signaling, the
downstream target of ALK4/5/Akt does not appear to be
FOXO3a phosphorylation in HK-2 cells.

Role of Nrf2 in ALK4/5-mediated HK-2 cell death
induced by erastin

Treatment with SB431542, SB505124, or SIS3 suppressed
erastin-induced HK-2 cell death (Fig. 7a). Consistently,

Fig. 4 Role of ALK4/5 signaling in HK-2 cell death induced by era-
stin. a Cells were incubated with 5 μM erastin for the indicated time.
Cell lysates were subjected to western blotting using the indicated
antibodies. Immunoblots shown are representative of at least three
independent experiments. b, c Cells were incubated with 0.1% DMSO,
10 μM SB431542, or 10 μM SB505124 for 1 h and then incubated with
or without 5 μM erastin for 24 h b or 26 h c. The viability of cells was
determined by trypan blue exclusion assay. Each value is the per-
centage of trypan blue-positive cells and reflects the mean ± SD of at
least three experiments with duplicate assays in each experiment
b. Percentage of propidium iodide (PI) or Annexin-V (AV) positive
cells were determined by Annexin-V and PI staining. Results are
representative of at least three independent experiments c. **P < 0.01,
significant difference between the samples
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co-incubation with TGFβ1 or activin A enhanced the cell
death induced by erastin (Supplemental Fig. 9A, B).
However, in contrast to cadmium-induced HK-2 cell death,
treatment with MK2206 failed to suppress erastin-induced
cell death (Fig. 7b), indicating an Akt signaling-
independent mechanism for erastin-induced HK-2 cell
death. It has been reported that the transcription factor

NF-E2-related factor 2 (Nrf2) and its downstream target
heme oxygenase (HO)-1 are involved in erastin-induced
ferroptosis [35–39]. On the other hand, TGFβ signaling is
known to downregulate Nrf2 signaling [40, 41]. Thus, we
examined whether the disruption of ALK4/5 signaling
induces hyperactivation of Nrf2 signaling and results in the
suppression of erastin-induced ferroptosis in HK-2 cells.

Fig. 5 Role of Smad3 in ALK4/5-mediated HK-2 cell death induced by
cadmium. a–e Cells transfected with control siRNA, ALK4 siRNA-1,
ALK4 siRNA-2 a, b, d, Smad3 siRNA-1, or Smad3 siRNA-2 c, e were
incubated with or without 25 μM CdCl2 (Cd) for 15 h a–c or 24 h d, e.
Total RNAs were subjected to quantitative RT-PCR to determine
ALK4 mRNA levels a. Cell lysates were subjected to western blotting
using the indicated antibodies b, c. The viability of cells was deter-
mined by trypan blue exclusion assay d, e. f Cells were incubated with
0.1% DMSO, or 5 μM SIS3 for 1 h and then incubated with or without
25 μM CdCl2 (Cd) for 30 h. The viability of cells was determined by
trypan blue exclusion assay. g, h Cells were incubated with 25 μM
CdCl2 (Cd) for the indicated time. Total RNAs were subjected to
quantitative RT-PCR to determine Inhibin-bA mRNA levels g. Cell
lysates were subjected to western blotting using the indicated

antibodies h. i Cells were incubated with or without 25 μM CdCl2 (Cd)
for 12 h. Concentration of Activin A per 1.0 × 105 cells in the media
was measured and reflects the mean ± SD of six experiments. j, k Cells
transfected with control siRNA, Inhibin-bA siRNA-1, or Inhibin-bA
siRNA-2 were incubated with or without 25 μM CdCl2 (Cd) for 15 h j or
24 h k. Cell lysates were subjected to western blotting using the indi-
cated antibodies j. The viability of cells was determined by trypan blue
exclusion assay k. Data of quantitative RT-PCR was normalized to β-
actin expression and reflects the mean ± SD of at least three experi-
ments. Immunoblots shown are representative of at least three inde-
pendent experiments. Each value of trypan blue exclusion assay is the
percentage of trypan blue-positive cells and reflects the mean ± SD of at
least three experiments with duplicate assays in each experiment. *P <
0.05, **P < 0.01, significant difference between the samples
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First, we confirmed the roles of Nrf2 and kelch-like
ECH-associated protein 1 (Keap1), an adaptor protein that
negatively regulates Nrf2 activity [42, 43], in erastin-
induced ferroptosis of HK-2 cells. Treatment with erastin
increased the expression of Nrf2 and HO-1 in a time-
dependent manner (Fig. 7c) and Nrf2 knockdown sup-
pressed erastin-induced HO-1 expression in HK-2
cells (Supplemental Fig. 9C), demonstrating the activation
of Nrf2 signaling by erastin. Furthermore, Keap1 depletion
increased the basal expression of Nrf2, and basal and
erastin-induced expression of HO-1 (Supplemental
Fig. 9D), and attenuated erastin-induced cell death, which
was blocked by Nrf2 knockdown (Fig. 7d), indicating
that Nrf2 signaling might protect HK-2 cells from erastin-
induced ferroptosis. On the other hand, treatment with
SB431542, SB505124, or SIS3 increased basal expression

of Nrf2, and basal and erastin-induced expression of HO-1
without changing the level of phosphorylated ERK
compared with U0126 treatment (Fig. 7e), indicating that-
pharmacological inhibition of ALK4/5 induces hyper-
activation of Nrf2 signaling in HK-2 cells exposed to
erastin. Consistently, Nrf2 depletion reversed the hyper-
activation of Nrf2 signaling and the suppression of erastin-
induced cell death induced by SB505124 (Fig. 7f, g) or
SB431542 treatment (Supplemental Fig. 9E). Taken toge-
ther, these results suggest that hyperactivated Nrf2 signaling
is responsible for the attenuation of erastin-induced HK-2
cell death caused by blockage of ALK4/5 signaling.

It has been reported that cadmium-induced upregulation
of TGFβ1 and downregulation of Nrf2 signaling have a role
in the rat prostates damage [44]. However, Nrf2 knockdown
showed little effect on the protective capacity of SB431542

Fig. 6 Role of Akt and FOXO3a in ALK4/5-mediated HK-2 cell death
induced by cadmium. a–c Cells were incubated with 0.1% DMSO, 10
μM SB431542, 10 μM SB505124 a, or 10 µM MK2206 a–c for 1 h and
then incubated with or without 25 μM CdCl2 (Cd) for 15 h a or 30 h b,
c. Cell lysates were subjected to western blotting using the indicated
antibodies a. The viability of cells was determined by trypan blue
exclusion assay b. Percentage of propidium iodide (PI) or Annexin-V
(AV)-positive cells were determined by Annexin-V and PI staining c.
d Cells transfected with control siRNA or FOXO3a siRNA were
incubated with 0.1% DMSO or 10 µM SB431542 for 1 h and then

incubated with or without 25 μM CdCl2 (Cd) for 36 h. The viability of
cells was determined by trypan blue exclusion assay. Immunoblots
shown are representative of at least three independent experiments.
Each value of trypan blue exclusion assay is the percentage of trypan
blue-positive cells and reflects the mean ± SD of at least three
experiments with duplicate assays in each experiment. Results of
Annexin-V and PI staining are representative of at least three inde-
pendent experiments. *P < 0.05, **P < 0.01, significant difference
between the samples
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Fig. 7 Role of Nrf2 in ALK4/5-mediated HK-2 cell death induced by
erastin. a, b Cells were incubated with 0.1% DMSO, 10 μM SB431542,
10 μM SB505124, 5 μM SIS3 a, or 10 µM MK2206 b for 1 h and then
incubated with or without 5 μM erastin for 24 h. The viability of cells
was determined by trypan blue exclusion assay. c Cells were incubated
with 5 μM erastin for the indicated time. Cell lysates were subjected
to western blotting using the indicated antibodies. d Cells transfected
with control siRNA, Keap1 siRNA, or Nrf2 siRNA were incubated
with or without 5 μM erastin for 24 h. The viability of cells was
determined by trypan blue exclusion assay. e Cells were incubated
with 0.1% DMSO, 10 µM SB431542, 10 µM SB505124, 5 µM SIS3, or
20 µM U0126 for 1 h and then incubated with or without 5 μM erastin

for 20 h. Cell lysates were subjected to western blotting using the
indicated antibodies. f, g Cells transfected with control siRNA or
Nrf2 siRNA were incubated with 0.1% DMSO or 10 µM SB505124 for
1 h and then incubated with or without 5 μM erastin for 20 h f or for
24 h g. Cell lysates were subjected to western blotting using the
indicated antibodies f. The viability of cells was determined by trypan
blue exclusion assay g. Immunoblots shown are representative of at
least three independent experiments. Each value of trypan blue
exclusion assay is the percentage of trypan blue-positive cells and
reflects the mean ± SD of at least three experiments with duplicate
assays in each experiment. **P < 0.01, significant difference between
the samples
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against CdCl2-induced HK-2 cells death (Supplemental
Fig. 9F), indicating an Nrf2-independent mechanism.

Discussion

In the present study, we showed the preferential types of
death of HK-2 cells exposed to several chemicals. Our
results showed induction of apoptosis by sorbitol and cis-
platin, apoptosis and necrosis induced by cadmium, and
ferroptosis induced by erastin. In addition, treatment with
cadmium and erastin, but not with sorbitol or cisplatin,
significantly increased the expression of phosphorylated
Smad3 protein, and treatment with SB431542- or
SB505124-attenuated cadmium- and erastin- but not sorbi-
tol- or cisplatin-induced HK-2 cell death. We confirmed that
CdCl2 exposure increased the levels of phosphorylated
smad3, phosphorylated Akt, and phosphorylated FOXO3a
proteins, and treatment with SB431542, SB505124, or SIS3
attenuated CdCl2-induced cytotoxicity in primary human
renal proximal tubular epithelial cells (RPTEC) (Supple-
mental Fig. 10A, B). Furthermore, erastin exposure induced
cytotoxicity in RPTEC, which was suppressed by
SB431542, SB505124, or SIS3 treatment (Supplemental
Fig. 10C). In addition, RSL3 exposure induced cytotoxicity
in RPTEC, which was attenuated by SB431542, SB505124,
SIS3, U0126, Trolox, or DFO treatment (Supplemental
Fig. 10D). We also confirmed that CdCl2 exposure
increased phosphorylated smad3 protein levels, and treat-
ment with SB431542 or SIS3-attenuated CdCl2-induced
cytotoxicity in mouse renal tubular cells (mProx24 cells),
pig renal tubular cells (LLC-PK1 cells) or dog renal tubular
cells (MDCK cells) (Supplemental Fig. 11A-F). Further-
more, erastin exposure induced cell death and morpholo-
gical changes in rat renal tubular cells (NRK52E cells) or
LLC-PK1 cells, which were suppressed by SB431542,
SIS3, U0126, Fer-1, or DFO treatment (Supplemental
Fig. 11G-I, data not shown). Taken together, our findings
constitute the first demonstration, to our knowledge, that
ALK4/5 signaling is responsible for cadmium- and erastin-
induced cell death in the renal proximal tubular cells.

Given that cadmium induces cellular damage in the liver
and nervous tissues [45–48], we also examined the role of
ALK4/5 signaling in CdCl2-induced cell death in human
hepatoma HepG2 cells (Supplemental Fig. 12) and human
neuroblastoma SH-SY5Y cells (Supplemental Fig. 13). We
found that CdCl2 exposure induced apoptotic and necrotic
cell death in HepG2 cells, and necrotic but not apoptotic cell
death in SH-SY5Y cells, indicating that the type of cadmium-
induced cell death depends on the cellular context. Cadmium
has been reported to induce lipid peroxidation [49, 50],
and our present study demonstrated that cadmium-induced
cytotoxicity was attenuated by ferroptosis inhibitors such as

Fer-1, Trolox, or DFO in both HK-2 cells and SH-SY5Y
cells, indicating that iron-dependent lipid peroxidation might
contribute to cadmium-induced toxicity. In addition, cad-
mium increased the phosphorylation of Smad3 protein, and
treatment with SB431542, SB505124, or SIS3 suppressed
cadmium-induced damage in HepG2 and SH-SY5Y cells.
Our data suggest that the pathological significance of
cadmium-induced ALK4/5 signaling activation might extend
beyond the regulation of cell death type. Furthermore, we
found that cadmium exposure transiently increased the
phosphorylation of bone morphogenetic protein (BMP)-spe-
cific Smad (Smad1/5), which is phosphorylated by BMP-
specific type I receptors (ALK1/2/3/6) [14] in HK-2, HepG2,
and SH-SY5Y cells (Supplemental Fig. 14A), indicating that
cadmium also activates BMP signaling. Although treatment
with LDN193189, a BMP type I receptor inhibitor, almost
completely abolished CdCl2-induced phosphorylation of
Smad1/5 in HK-2 cells (Supplemental Fig. 14B), CdCl2-
induced death was not suppressed in HK-2, HepG2, or SH-
SY5Y cells (Supplemental Fig. 14C), indicating that BMP
signaling has little contribution to cell death induced by
cadmium.

The activation of ALK4/5 signaling requires the inter-
action of ligands with their receptors [13–15, 30], and either
elevation or reduction of activin A and TGFβ expression is
observed in renal injury [16–20]. In the present study,
exposure of HK-2 cells to CdCl2 elevated the levels of
Inhibin-bA but not the levels of TGFβ1 or TGFβ2. How-
ever, although ALK5 or Smad3 knockdown attenuated
cadmium-induced HK-2 cell death, Inhibin-bA knockdown
or activin A or TGFβ1 treatment had little effect on it.
Given that oxidative stressors such as cigarette smoke
extract, hydrogen peroxide, and ozone induce a ligand-
independent aberrant activation of a receptor-type tyrosine
kinase [51–53], we hypothesize that cadmium may induce
activation of ALK4/5 in a ligand-independent manner.
Consistent with this possibility, Gentle et al. [54] demon-
strated that ectopic expression of ligand-independent con-
stitutively active ALK5 in the tubular epithelium alone is
sufficient to induce cell death and acute tubular injury. In
addition, Daehn et al. [55] also demonstrated that podocyte-
specific expression of constitutively active ALK5 non-cell-
autonomously induces endothelial cell death and focal
segmental glomerular sclerosis. Further investigations are
required to elucidate how cadmium activates and modifies
ALK4/5 in HK-2 cells.

We examined how activated ALK4/5 mediates
cadmium-induced HK-2 cell death and found that knock-
down of Smad3, but not Smad2, attenuated cadmium-
induced cell death. Consistent with our results, previous
reports demonstrated that Smad3 and Smad2 have different
roles in renal diseases, and Smad3 has therapeutic potential
in diseases such as renal fibrosis [56–59]. Given that TGFβ
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increases the expression of Nox4, a member of NADPH
oxidase, and induces oxidative stress via Smad3 [60, 61],
we hypothesized that Nox4 might be involved in cadmium-
induced stress response in HK-2 cells. However, little
change was observed in Nox4 mRNA level in response to
cadmium treatment, and Nox4 knockdown or treatment
with DPI, a Nox inhibitor, failed to suppress CdCl2-induced
HK-2 cell death (data not shown). Therefore, Nox4 does not
have a major role in cell death induced by cadmium
exposure.

We also found that ALK4/5/Akt and FOXO3a signaling
facilitate cadmium-induced HK-2 cell death in parallel.
Recently, we reported that Akt signaling elevates the
expression of the transcription factor Snail and enhances
cadmium-induced cellular damage in HK-2 cells [31],
whereas Snail is a downstream target of Smad3 [62, 63],
which raises the possibility that ALK4/5 signaling might
upregulate Snail expression and facilitate cadmium-
induced HK-2 cells death. On the other hand, although
FOXO3a has been reported to promote cadmium-induced
cytotoxicity by enhancing autophagic flux in mesenchymal
stem cells (MSCs) [64], FOXO3a knockdown had little
effect on the expression of LC3B, a marker of autophagy,
in HK-2 cells exposed to CdCl2 (Supplemental Fig. 8B),
indicating that the protective mechanism of FOXO3a
knockdown against cadmium-induced toxicity in HK-2
cells might be different from that in MSCs. Further studies
are needed to clarify the downstream targets of Smad3,
Akt, and FOXO3a signaling.

We also examined the protective mechanism of ALK4/
5 signaling inhibition against erastin-induced ferroptosis in
HK-2 cells. Nrf2/HO-1 signaling has been reported to
suppress ferroptosis in mouse renal tubular cells and
hepatoma carcinoma cells [35, 36], but facilitate it in HT-
1080 fibrosarcoma cells and breast cancer cell lines [37,
38]. In the present study, Keap1 depletion attenuated
erastin-induced ferroptosis, and this effect was eliminated
by Nrf2 knockdown, indicating that Nrf2 signaling might
have protective potential against ferroptosis in HK-2 cells.
In addition to these results, we found that disruption of
ALK4/5 signaling hyperactivated Nrf2 signaling, and Nrf2
depletion blocked the protective effects of ALK4/5 signal-
ing inhibition on erastin-induced ferroptosis, indicating that
inhibition of ALK4/5 signaling might have a protective
effect against ferroptosis via Nrf2 signaling in HK-2 cells.
Interestingly, the Akt inhibitor MK2206 treatment atte-
nuated cadmium- but not erastin-induced HK-2 cells death,
whereas Nrf2 knockdown blocked the protective effect of
SB431542 treatment on erastin- but not cadmium-induced
HK-2 cell death, indicating that protective mechanisms of
ALK4/5 signaling inhibition were different between
cadmium-induced cell death (apoptosis and necrosis) and
ferroptosis in HK-2 cells.

To elucidate how ALK4/5 signaling could modulate
caspase-dependent apoptosis signaling in HK-2 cells
exposed to CdCl2, we monitored the dynamics of some pro-
apoptotic modulators (Supplemental Fig. 15). The expres-
sion of cleaved-caspase-8 and caspase-8-cleaved BH3
interacting domain death agonist (BID) increased in a CdCl2
exposure time-dependent manner, suggesting the activation
of caspase-8 by CdCl2 exposure. On the other hand,
cleaved-caspase-9 levels increased in HK-2 cells exposed to
CdCl2, and inhibition of caspase-9 using Z-LEHD-FMK
attenuated CdCl2-induced HK-2 cell death. In addition,
CdCl2 exposure increased the expression of two members of
pro-apoptotic BH3 only group, Noxa and BNIP3. Further-
more, treatment with SB431542 or MK2206 attenuated
CdCl2-induced upregulation of pro-apoptotic modulators
except for BNIP3. These findings indicate that ALK4/
5 signaling might promote cadmium-induced cellular
damages with a caspase-8 and caspase-9-dependent but
BNIP3-independent manner in HK-2 cells.

In summary, the present study demonstrates that cad-
mium exposure activates ALK4/5 signaling in a ligand-
independent manner to induce HK-2 cell death via Smad3
and Akt signaling. In addition, ALK4/5 signaling facilitates
erastin-induced ferroptosis via Nrf2 signaling in HK-2 cells.
Although in vivo or kidney proximal tubules cell death
model studies as described by Skouta et al. [65] is necessary
to improve the reliability of our new knowledge, these
results raise the possibility that blockage of ALK4/5 sig-
naling could be a potential therapeutic approach to attenuate
cellular damage caused by cadmium exposure and ferrop-
tosis in renal tubular epithelial cells.
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